be adjusted by changing the composition, size, shape, and surface coating. Various methods, such as the use of templates of microemulsions and sol-gels from organic or aqueous media, have been developed for synthesizing CdS QDs 5, 6 . However, the synthesis of CdS QDs with the use of templates formed by self-assembly of peptide-based building blocks into ordered nanowires has received little attention 4 .
Hg 2 , which is highly toxic even at low concentration, can accumulate in organisms and is currently a global pollution problem arising from industrial processes 7, 8 . Conventional uses of organic dye molecules as fluorescent probes for detection of Hg 2 in aqueous media usually require complicated preparation because of the poor stability of dye molecules in the optical measurement process. This method has low sensitivity and low detection limits, which are subject to be greater restriction for detecting Hg 2 . QDs as fluorescent probes have been used for the detection of Hg 2 ions 9 , and they offer the advantage of greater stability than dye molecules during optical measurements 10, 11 . However, QDs require a complicated preparation process, and their practical use is limited because of the long time needed to detect ultra-trace amounts of metal ions in aqueous media.
In this paper, we report on the design of two aromatic pentapeptides, Ac-FFACD and Fmoc-FFACD, whose chemical structures are shown in Scheme 1 and whose Calotte Models Corey-Pauling-Koltun, CPK are shown in Fig. S1 Supporting Information, SI . The two chemicals were synthesized by Shanghai Chu PEPTIDE BIOLOGICAL Co., Ltd. 2, 3, 12 . We found that under specific environments and conditions FFACD aromatic pentapeptides with the N-terminus protected by carboxyl Ac-or a 9-fluorenylmethoxycarbonyl group Fmoc-can act as building blocks that self-assemble to produce nanostructures such as nanotubes, nanobelts, nanofibers, micelles, and vesicles. Such nanostructures can be applied in drug delivery, tissue engineering, and preparing templates of inorganic nanostructures, among other uses 4, 13 . We used these self-assembled nanostructures as templates to synthesize CdS QDs at room temperature and subsequently used the peptide/QD hybrid nanostructures as fluorescent probes to realize quantitative detection of ultra-trace amounts of Hg 2 in aqueous solutions. Our results show that these newly designed FFACD aromatic pentapeptides can achieve rapid and sensitive detection of Hg 2 in aqueous solution without significant response to other environmentally important metal ions. were purchased from Tianjin Kemio Chemical Reagent Co., Ltd and Hebei Xingtai Xingjiao Chemical Plant, respectively. The water used in the experiments was prepared with a UPHW-III-90T-type apparatus and had a resistivity of 18.25 MΩ cm.
Sample preparation
Ac-FFACD and Fmoc-FFACD were weighed out in the amounts of 3.20 and 4.10 mg, respectively, and each dissolved in 0.5 mL dimethyl sulphoxide DMSO . Then 10 mmol L 1 stock solutions of these two pentapeptides were prepared, respectively. Ac-FFACD and Fmoc-FFACD are insoluble in water, but DMSO is a common solvent used for both. A clear solution can be obtained when both peptides are dissolved into a small amount of DMSO. The DMSO solution is then diluted with ultrapure water. The amount of DMSO has no impact on the self-assembly behavior of the two pentapeptides.
Each of the two stock solutions was diluted with water to make three solutions at concentrations of 1.0 mmol L 1 0.1 mL to 1.0 mL , 0.1 mmol L 1 0.1 mL to 10 mL , and 0.01 mmol L 1 0.1 mL to 100 mL . The three sample solutions were incubated at 25.0 0.1 for at least two weeks.
Transmission electron microscopy TEM observations
For each of the two sample solutions, Ac-FFACD and Fmoc-FFACD, about 5.0 μL was placed on a carbon-coated Scheme 1 Chemical structures of Ac-FFACD a and Fmoc-FFACD b , respectively.
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grid, and then the grid was placed on filter paper to draw away the excess solution. The samples were negativestained with 2.0 wt phosphotungstic acid in water pH adjusted to 6.80 using NaOH and dried in air. The samples were observed in a JEOL JEM-1400 TEM operating at 120 kV, and the images were taken with a Gatan multiscan CCD camera using the Digital Micrograph software package.
Scanning electron microscopy SEM observations
About 5.0 μL of each solution was coated onto a silica wafer surface. The excess solution was blown away with nitrogen, and the wafer was freeze-dried under vacuum. Samples were observed in a JEOL JSM7600F SEM operating at 5.0 KV.
Atomic Force Microscopy AFM Observations
About 5.0 μL of each solution was coated onto a silica wafer surface. The coated wafers were freeze-dried under vacuum for more than three days to ensure that the surfaces were completely dry. For high-concentration samples, the excess solution was blown away with nitrogen. The silica wafers were observed using a digital AFM instrument NanoScope III in tapping mode. The tip used was a NSC35/AlBS silicon tip. The cantilever had a length of 90 μm, a force constant of 1.0 10 6 N m 1 , and a resonance frequency in the range 240 -405 kHz. The scan rate was 1.0 Hz.
Fourier transform infrared spectroscopy FT-IR mea-
surements To explore the peptide secondary structure of the selfassembled nanofibers in the various solutions, the samples were characterized by FT-IR. About 10 μL of each sample solution was coated onto a KBr wafer surface, which was then blown dry with nitrogen to eliminate the water 14 . Then the KBr wafer was measured with a Bruker VERTEX-70 FT-IR.
Preparation of CdS quantum dots
For each peptide solution, the preparation of quantum dots proceeded as follows. Fifty μL of 3.0-mmol L 1 Cd CH 3 COO 2 aqueous solution was added to a 4.0-mL glass bottle and then diluted with water to a final volume of 1.6 mL. Seventy-five mL of 1.0-mmol L 1 peptide solution was added to the Cd CH 3 COO 2 aqueous solution followed by magnetic stirring for 2 min. Then 330 μL of 0.5-mmol L 1 Na 2 S aqueous solution was added dropwise into the mixture solution. When the reaction was finished, the solution was stirred with a magnetic stirrer for 30 min at room temperature 15 .
Fluorescence probes for quantitative detection of
trace amount of Hg 2 in aqueous solution A 20-mmol L 1 Hg NO 3 2 aqueous solution was diluted to 200-μmol L 1 Hg NO 3 2 and used as a stock solution to make eight dilutions of 40, 33, 20, 10, 3.0, 1.0, 0.50, and 0.050 μmol L 1 . For each of these eight Hg 2 dilutions, two mixed solutions were prepared by adding 50 μL of each of the two pentapeptide sample solutions containing CdS quantum dots. After stabilizing for 15 min, the fluorescence intensity of the mixed solutions was measured with an F-7000 fluorescence spectrometer 14 .
Results and discussion 3.1 Characterization of nanowires
The critical-aggregation concentration CAC of each of the two pentapeptides, Ac-FFACD and Fmoc-FFACD, is on the order of 10 5 mol L 1 . For example, for Ac-FFACD a typical measured CAC value was 0.078 mmol L 1 Fig. S6 .
The self-assembled structures of both pentapeptides in DMSO/H 2 O mixtures were negative-stained and characterized by TEM, SEM, and AFM observations. In Fig. 1 A and a and 1 B and b , one can clearly observe nanowires, spiral nanowires, and networked nanowires for the 0.1-and 1.0-mmol L 1 Ac-FFACD solutions. The average diameter of the nanowires was 11.2 0.1 nm 0.1 mmol L 1 and 5.3 0.08 nm 1.0 mmol L 1 , and the lengths were several micrometers for both samples. In Fig. 1 C and c and 1 D and d , one can also clearly observe nanowires, spiral nanowires, and network nanowires for the 0.1-and 1.0mmol L 1 Fmoc-FFACD solutions. The average diameter of the nanowires was 4.9 0.1 nm 0.1 mmol L 1 and 5.8 0.08 nm 1.0 mmol L 1 , and the lengths were several micrometers for both samples. These TEM and SEM observations clearly demonstrate that both Ac-FFACD and Fmoc-FFACD over a well-defined concentration in DMSO/ H 2 O mixtures can self-assemble to produce nanowires, spiral nanowires, and network nanowires in DMSO/H 2 O mixtures. For the lowest concentration solutions, 0.01 mmol L 1 , neither Ac-FFACD nor Fmoc-FFACD exhibited well-organized nanostructures as determined by TEM and SEM observations, which is consistent with the CACs of the two pentapeptides being above 1.0 10 5 mol L 1 Fig.  S6 .
The sample solutions of 0.1-mmol L 1 and 1.0-mmol L 1 Ac-FFACD and Fmoc-FFACD in DMSO/H 2 O mixtures were further characterized by AFM observations. In Fig. 2 a to d , one can clearly observe the existence of nanowires, spiral nanowires shown in the inserts , and networked nanowires for both Ac-FFACD and Fmoc-FFACD solutions. The AFM observations are consistent with TEM and SEM characterizations of negative-stained samples.
FT-IR characterization of β -sheet and random coil
structures To study the formation mechanism of pentapeptide nanowires in solution, FT-IR spectra were recorded. Results are shown in Fig. 3 a to f . These spectra provide direct evidence of the coexistence of β-sheet and random coil structures of nanowires. For the Ac-FFACD sample solutions, the typical peaks of the anti-parallel β-sheet structure are observed, i.e., strong peaks at 1625 cm 1 and 1690 cm 1 , as shown in Fig. 3 a to c . The shoulder at 1640 cm 1 demonstrates the simultaneous presence of the random coil structure 14 . The peaks of the β -sheet structure are stronger than those of the random coil structure, indicating that more nanowires are present in the sheet structures than in the coil structures. For the Fmoc-FFACD sample solutions, the FT-IR spectra exhibit the typical peaks of the random coil structure, i.e., strong peaks in the range 1641 -1650 cm 1 , as shown in Fig. 3 d to f . The weak peak at 1674 cm 1 indicates the coexistence of a small amount of β-sheet structure from the nanostructures of 0.01-mmol L 1 and 0.1-mmol L 1 Fmoc-FFACD aqueous solutions 14 .
From the above FT-IR data, we conclude that for Ac-FFACD the main secondary structure of this pentapeptide is the β-sheet structure, while for Fmoc-FFACD, the main secondary structure is the random coil structure. The TEM observations did not indicate the presence of any ordered nanostructures in 0.01-mmol L 1 Ac-FFACD and Fmoc-FFACD solutions, while the FT-IR spectra showed that some secondary structures of both pentapeptides exist in these solutions. In our opinion, the FT-IR result was due to a small amount of pentapeptide monomer molecules that aggregated to form the peptide secondary structures, i.e., β-sheets or random coil structures.
Proposed mechanism
FT-IR spectra demonstrate that the nanowires coexist in the β -sheet and random coil structures. Based on these results, we propose the nanowire formation mechanism shown in Scheme 2. For the nanowires formed in Ac-FFACD aqueous solutions, two anti-parallel Ac-FFACD peptide molecules combine to form an anti-parallel β-sheet structure Scheme 2a because of π-π interactions and hydrogen bonds. However, for the nanowires formed in Fmoc-FFACD aqueous solutions, because of the larger steric hindrance of the Fmoc-group, these peptide molecules tend to form a random coil structure Scheme 2b , the process being driven by the π-π interactions of benzene rings. For the formation of nanowires Scheme 2c , after the stabilization of β -sheet and random coil structures by π-π interactions and hydrogen bonds, these β -sheet and random coil structures become small fragments via π-π interactions among the benzene rings of aromatic pentapeptide molecules. The π-π interactions are stronger on the edges of the structures, resulting in quicker growth of the aggregate fragments in the lateral direction. With further growth of the aggregate fragments, long planar lamellae can form. Due to the molecular chirality and the curving forces of the edges of the lamellae, the planar lamellae tend to be twisted, leading to the formation of nanobelts. The nanobelts continue to grow, and the twists become more exaggerated. Only when there are enough aromatic pentapeptide molecules on the two edges of the lamellae, providing enough force to further twist them, do the edges of nanobelts fuse and disappear resulting in the formation of nanowires 16 . Self-Assembly of Aromatic Pentapeptides
Preparation of CdS QDs with nanowire templates
The nanowires from the 1.0-mmol L 1 Ac-FFACD and Fmoc-FFACD solutions were used as templates for the fabrication of CdS QDs. As shown in Fig. 4 , the excitation wavelength of the sample solution, λ EX 244 nm, can be obtained, showing that no Hg 2 ions exist as determined by fluorometric assay. The size D nm of the nanocrystals is given by the following empirical fitting function 17 : D 6.6521 10 8 λ 3 1.9557 10 4 λ 2 9.2352 10 2 λ 13.29 1
where λ nm is the wavelength of the first emission absorption peak of the corresponding sample 17 . We calculate the size of the CdS QDs synthesized using the nanowire templates to be 1.43 nm.
Fluorescence probes for quantitative detection of trace amount of Hg 2 in aqueous solution
We measured fluorescence emission spectra of the CdS Scheme 2 Schemes of the mechanism for β-sheet structure a and random structure b . The main driving forces are π-π interaction and hydrogen bond. The mechanism diagram of the growth process of nanowires: from nanosheets to twisted nanobelts, and finally to nanowires c . QD solutions with different Hg 2 concentrations using a fluorescence spectrometer. The experimental results are shown in Fig. 5 18 21 . We find that for Hg 2 concentration c Hg 2 in the range 1 -40 μmol L 1 , the degree of fluorescence quenching intensity of CdS QDs fabricated from Ac-FFACD nanowire templates exhibits a good linear relationship with c Hg 2 . The linear correlation coefficient was 0.9972, and the regression equation was ΔF F 0 F 257.09 3.58 c Hg 2 . According to this equation, LOD 3 S 0 / K, where LOD is the Hg 2 limit of detection, S 0 is the relative standard deviation of a blank control, and K is the slope of calibration curve. We calculate the LOD of CdS QDs to be 1.5 nmol L 1 300.85 ng L 1 15, 22 . A 5-μmol L 1 Hg 2 standard sample solution was used to determine the amount of Hg 2 in aqueous solution for 11 measurements in parallel, and the relative standard deviation was calculated to be S 0 0.18 15, 22 . For Hg 2 detection using CdS QDs fabricated from Fmoc-FFACD nanowire templates, the linear detection range was 10 -33 μmol L 1 , the linear correlation coefficient was 0.9994, the regression equation was ΔF F 0 F 48.13 32.96 c Hg 2 , and the LOD was 0.16 nmol L 1 32.09 ng L 1 15, 22 . From the above measurements, one sees that the CdS QDs fabricated from Ac-FFACD or Fmoc-FFACD nanowire templates can be used in situ as good fluorescence probes for detection of trace amount of Hg 2 ions in water.
Conclusions
In summary, we have observed the formation of nanowires and spiral nanowires in Ac-FFACD and Fmoc-FFACD solutions above their CACs. Nanowires with large aspect ratio and small diameters were present. A formation mechanism for self-assembled nanostructures is proposed. It is driven by the π-π interaction and hydrogen bonds and based on the formation of an anti-parallel β -sheet structure. The coexistence of β-sheet and random coil nanowire structures indicates the importance of both structures in the formation of nanostructures. A nanowire formation mechanism is proposed in which β -sheet and random coil structures of pentapeptide molecules can self-assemble into aggregate fragments and grow into lamellar structures. Due to nascent twisting of the lamellar edges, the lamellar structures can further twist to produce nanobelts, and, with the continued twisting of the nanobelt edges, nanowires are finally formed. The nanowires obtained from the two pentapeptides can be used in a variety of applications such as drug delivery and templating for QD fabrication from inorganic materials, among other uses. The obtained nanowires were used to prepare CdS QDs, and the combination of self-assembled nanowires and CdS QDs was used successfully as a probe to detect trace amount of Hg 2 ions in water.
Supporting Information
The purities of the two pentapeptides were determined with high performance liquid chromatography HPLC and mass spectrometry MS . The CPK models of Ac-FFACD and Fmoc-FFACD. The critical aggregation concentrations CACs of the two pentapeptides were determined by using surface tension measurements.
